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(Smale and Fisher, 2002; Flavell, 1999; Ho and Glimcher,
2002).
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level expression to linked genes, presumably by overriding2 Howard Hughes Medical Institute
3 Department of Molecular Biophysics suppressive effects of flanking DNA sequences (Gros-
veld et al., 1987; Milot et al., 1996). The best knownand Biochemistry
Yale University example of an LCR is in the human-globin gene cluster.
The human -globin locus contains five genes, the ex-New Haven, Connecticut 06520
pression of which is developmentally controlled. The
responsible element for this coordinate regulation is the
-globin LCR, which is composed of five DNase I hyper-
Summary sensitive sites located upstream of the -globin gene,
the most 5 gene of the -globin gene cluster. Experi-
The Th2 cytokine genes IL4, IL5, and IL13 are clustered mentally, an LCR can be defined as an element that gives
and expressed in a cell lineage-specific manner. We transgene copy number-dependent and integration site-
investigated the global locus-specific regulation of independent expression to linked genes in transgenic
these genes using BAC transgenic mice containing the mice (reviewed in Li et al., 2002; Engel and Tanimoto,
murine Th2 cytokine cluster carrying an IL4 promoter- 2000; Festenstein and Kioussis, 2000).
luciferase reporter. IL4 promoter activity in effector Coordinated expression of Th2 cytokine genes was
CD4 T cells from these transgenic mice was strong, suggested by evidence that these genes are expressed
Th2 specific, and copy number dependent, suggesting preferentially from one chromosome rather than at ran-
the presence of an LCR in the locus. The production dom (Kelly and Locksley, 2000). Deletion of conserved
of IL4 and IL13, but not IL5, by these cells was also noncoding sequence-1 (CNS-1) in the Th2 cytokine lo-
copy number dependent. Deletion analysis defined a cus caused a decrease in the frequency of cells express-
25 kb fragment in the RAD50 gene as the region con- ing IL4, IL5, and IL13 (Loots et al., 2000; Mohrs et al.,
taining the LCR activity. Expression of the IL4 pro- 2001), suggesting that Th2 cytokine gene expression is
moter-luciferase reporter was transactivated by GATA-3 coordinately regulated by CNS-1. However, this region
irrespective of position in the locus, suggesting the does not impart copy number-dependent expression to
global nature of this regulation. The LCR itself, how- a linked IL4 promoter reporter in transgenic mice (Lee et
ever, does not respond directly to GATA-3. al., 2001) despite strong enhancement of the expression.
Thus, the data suggest that CNS-1 is not an LCR but
an important enhancer. Likewise, a recently described
Introduction 3 enhancer region (HS5a and HS5/CNS-2; Agarwal et
al., 2000; Solymar et al., 2002) does not impart copy
Naive CD4 T cells differentiate into either Th1 or Th2 number-dependent expression to a linked IL4 promoter
cells following activation and long-term culture. Th1 reporter in transgenic mice (Lee et al., 2001), suggesting
cells produce IFN- and LT, mediate immunity against that this region also lacks LCR activity.
intracellular pathogens, and cause autoimmune dis- In a recent study (Lee et al., 2001), we demonstrated
eases. Th2 cells produce IL4, IL5, and IL13, mediate that none of the previously described DNase I hypersen-
immunity against parasites and extracellular pathogens, sitive sites or conserved sequences in the Th2 cytokine
and cause allergy and asthma (Abbas et al., 1996; locus has LCR activity, either individually or in combina-
O’Garra 1998; Dong and Flavell, 2001; Glimcher and tion as a minilocus. However, the study did not rule out
Murphy, 2000; O’Garra and Arai, 2000). the existence of another distal region possessing LCR
Regulation of gene expression during Th1/Th2 cell activity.
differentiation is accompanied by changes in chromatin
In this study, we reexamined this question by evaluat-
(Agarwal and Rao, 1998; Bird et al., 1998; Takemoto et
ing copy number dependency in mice containing trans-
al., 1998). The Th2 cytokine locus has been intensively
genes encoding the whole Th2 cytokine locus. We found
studied as a model system of chromatin dynamics and
that the Th2 cytokine locus is regulated by an LCR lo-
gene expression in the immune system (Smale and
cated within a 25 kb region containing the 3 portion of
Fisher, 2002; Agarwal et al., 1999). The genes encoding
the RAD50 gene.
the Th2 cytokines IL4, IL13, and IL5 are clustered in a
120 kb region on chromosome 11 in mouse and a 160
kb region on chromosome 5 in human, and the expres-
Resultssion of Th2 cytokines is lineage specific. A fundamental
question unresolved in Th2 cytokine locus regulation is
Generation of Transgenic Mice Carrying the Th2whether the locus is coordinately regulated by a master
Cytokine Cluster and an IL4 Promoter Reporter
To examine copy number-dependent expression of Th2
cytokine genes in transgenic mice, we isolated a clone*Correspondence: richard.flavell@yale.edu
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Figure 1. Constructs for BAC Transgenic Mice
BAC DNA (120 kb) containing Th2 cytokine locus was integrated with an 800 bp IL4 promoter-luciferase construct by in vitro transposition
(Experimental Procedures). Constructs with different integration sites were screened by PCR, selected, and named as B137, B61, and B113.
Relative positions of the integration sites to the known DNase I hypersensitive sites (arrows) and conserved noncoding region-1 (CNS-1, bar)
were shown. 3 DNase I hypersensitive sites 5a and 5 are absent, but HS4 is present in the BAC constructs.
from a mouse BAC library (BAC172) spanning 120 kb Strong, Th2-Specific, and Copy Number-Dependent
IL4 Promoter Activity in Cells from BACand containing all three Th2 cytokine genes (IL4, IL13,
and IL5). We inserted an 800 bp IL4 promoter-luciferase Transgenic Mice
IL4 promoter-driven luciferase activity in Th1- or Th2-reporter construct into the BAC 172 DNA by Tn552 trans-
posase-mediated in vitro transposition (Leschziner et stimulated cells from the transgenic mice was analyzed
(Figure 2) and compared to that of control IL4P trans-al., 1998; Griffin et al., 1999) (Figure 1 and Experimental
Procedures). We screened insertion sites by PCR using genic mice (see Lee et al., 2001). Control mice exhibited
luciferase activity ranging from 1500 to 4000 units andone primer in the reporter construct and the other primer
randomly chosen in the BAC DNA sequence at 5 kb showed moderate Th2 specificity (a ratio of Th2:Th1
activity of 3–4). In contrast, all the BAC transgenic miceintervals. We selected three BAC DNAs with different
reporter gene insertion sites (B137, B61, and B113; Fig- showed very high and Th2-specific luciferase activity
(Figures 2A–2C). Luciferase activity of Th2 cells in B137ure 1). Relative positions of the integration sites to
known DNase I hypersensitive sites and conserved non- transgenic mice ranged from 2,000,000 to 20,000,000,
which corresponds to an approximately 1000- to 10,000-coding region-1 (Agarwal and Rao, 1998; Agarwal et al.,
2000; Takemoto et al., 1998; Loots et al., 2000) are shown fold induction (Figure 2A) compared to control IL4P
transgenic mice (Lee et al., 2001). Activities in B61 (Fig-in Figure 1. Parental BAC 172 DNA contains all the known
DNase hypersensitive sites with the exception of HS5/ ure 2B) and B113 (Figure 2C) were 25,000 to 14,000,000
and 46,000 to 1,400,000, corresponding to approxi-5a. We confirmed single copy, correct insertion by re-
striction enzyme mapping and Southern blot analysis mately 10- to 5000-fold and 20- to 500-fold induction,
respectively. Luciferase activity was highly Th2 specific(data not shown) and determined the precise insertion
sites by DNA sequencing (Experimental Procedures). except in very high copy number transgenic mice. The
average Th2:Th1 ratio of luciferase activity in most trans-We generated transgenic mice with these three reporter
BAC constructs by injecting the DNAs into fertilized genic lines excluding those exceptions was about 10.
These results demonstrate that BAC transgenic miceeggs. Transgene-positive mice were screened by PCR,
copy numbers of transgenes were determined by South- recapitulate the endogenous expression patterns of the
IL4 gene. Most importantly and strikingly, in contrastern blot analysis, and the integrity of the transgenes
was confirmed by PCR (Experimental Procedures). with our recently reported minilocus transgenic mice,
Regulation of Th2 Cytokine Locus by LCR
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Figure 2. Luciferase Activity of B137 (A), B61 (B), B113 (C) Transgenic Mice, and Copy Number Dependency of Luciferase Activity in Th2 Cells
from B137, B61, and B113 Transgenic Mice (D)
(A–C) Splenic CD4 T cells were isolated from the transgenic mice, and 3  106 CD4 T cells were cultured in 5 ml of Bruff’s medium with the
same number of APCs in the presence of 2.5 g/ml Con A, 20 U/ml IL2 in either Th1 or Th2 skewing condition for 3 days, washed, and
restimulated with 2.5 g/ml Con A for 12 hr. Cell extracts were made, and luciferase activity was measured with 15 g of protein. The luciferase
level of control IL4P transgenic mice in Th2 cells ranges from 0.015  105 to 0.04  105 (see Lee et al., 2001).
(D) Luciferase activity in Th2 cells was plotted against copy number of the transgenes. Correlation coefficiency (2) of the linear regression is
0.895 for B137, 0.899 for B61, and 0.845 for B113 transgenic mice.
luciferase activity was directly proportional to the copy ber dependent, suggesting that 120 kb BAC DNA used
in this study may not be sufficient to act as an LCR fornumber of the transgene in all three transgenic lines
(Figures 2A–2D). Taken together, high-level, differentia- IL5 gene expression (Figure 3).
tion-specific, and copy number-dependent expression
of IL4P-driven luciferase activity indicates the presence Localization of the LCR to a 25 kb Region
Encompassing a Part of the RAD50 Geneof an LCR in the 120 kb region.
To narrow down the region containing the putative LCR,
we isolated a 64 kb DNA fragment (B137/BS2), a 39 kbCopy Number-Dependent Expression of IL4 and IL13,
but Not IL5, in Cells from BAC Transgenic Mice fragment (B137/KP1), and a 36 kb fragment (B137/RAD)
from the B137 BAC by digesting with rare-cutting restric-We further addressed the question of whether all three
endogenous cytokine genes in the locus are coordi- tion enzymes (Figure 4). Each of these fragments con-
tains the minimal promoter plus luciferase and thusnately regulated by an LCR. For this purpose, we mea-
sured the production of IL4, IL13, and IL5 in the superna- served as reporter constructs (see Figure 4). We gener-
ated transgenic mice containing these constructs andtants of in vitro-stimulated Th2 cell culture of the BAC
transgenic mice by ELISA. Expression of IL4 and IL13 measured luciferase activity in Th1/Th2 cells. The lucif-
erase activity of B137/BS2 and B137/RAD transgenicwas copy number dependent (Figure 3), indicating that
these genes are coordinately regulated by an LCR. In mice was as strong, Th2 specific, and copy number
dependent as that of the original B137 BAC transgeniccontrast, IL5 production was not found to be copy num-
Immunity
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Figure 3. Copy Number Dependency of IL4, IL13, and IL5 Produced in the Th2 Cells from BAC Transgenic Mice
The production of IL4, IL13, and IL5 was measured by ELISA from the supernatant of in vitro-stimulated Th2 cell culture of B137, B61, and
B113 transgenic mice. Correlation coefficiency (2) of the linear regression is 0.825 for IL4, 0.782 for IL13, and 0.105 for IL5. The mean and
standard deviation of the cytokines produced from nontransgenic littermates is 123  51 U/ml (n 	 6) for IL4, 13.2  3.3 ng/ml (n 	 6) for
IL13, and 3.08  0.57 ng/ml (n 	 6) for IL5.
mice (Figures 5A and 5C). The overall expression level and 3). IL4 expression in the supernatants of Th2 cell
cultures from B137/KP1 transgenic mice was not copyof luciferase in Th2 cells in B137/BS2 and B137/RAD
transgenic mice was comparable to that of B137 trans- number dependent, and the overall IL4 expression level
was lower than that in B137/BS2 transgenic mice (Figuregenic mice. In contrast, the luciferase levels of all nine
B137/KP1 transgenic mice were slightly lower than that 6). These results suggest that the 36 kb fragment con-
taining a part of the RAD50 gene has LCR activity butof control IL4P transgenic mice (Figure 5B and legend
of Figure 5). IL4 expression in the supernatant of Th2 that a 39 kb fragment containing the IL4 and IL13 genes
does not. This defines a 25 kb fragment (BssHII-KpnI)cell cultures of B137/BS2 transgenic mice was also copy
number dependent and comparable to that of 120 kb containing a part of the RAD50 gene as containing ele-
ments necessary for LCR activity.BAC transgenic mice (B137, B61, and B113) (Figures 6A
Figure 4. Constructs of B137/BS2, B137/KP1, and B137/RAD
B137/BS2 fragment (64 kb, all DNA sizes in this paper are endogenous DNA sizes excluding the IL4P-luciferase reporter construct) was made
by digesting the B137 DNA with BssHII. B137/KP1 fragment (39 kb) was made by combining KpnI-SacII (11 kb) fragment and SacII-NotI (28
kb) fragment from the B137 DNA. B137/RAD (36 kb) fragment was made by digesting the B137 DNA with BssHII and SacII.
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Figure 5. Luciferase Activity of B137/BS2, B137/KP1, and B137/RAD Transgenic Mice
Luciferase activity was measured with the same method described in Figure 2. Correlation coefficiency (2) of the linear regression is 0.940
for luciferase activity in B137/BS2 (A), 0.657 in B137/KP1 (B), and 0.887 in B137/RAD (C) transgenic mice. The luciferase level of control IL4P
transgenic mice in Th2 cells ranged from 0.015  105 to 0.04  105 (see Lee et al., 2001).
GATA-3 Transactivates IL4 Promoter-Luciferase integrated at different sites (Figures 7A–7C). These re-
sults suggest that the IL4 promoters in the locus canIrrespective of Position in the Th2 Cytokine Locus
but Does Not Act on the LCR be regulated by GATA-3 over long distances, a hallmark
of LCR-mediated gene regulation.Interactions between trans-acting factors and cis-acting
elements form the basis for many cellular activities in We investigated the possibility that GATA-3 exerts its
effect directly on the 25 kb LCR region by examininggene regulation such as chromatin opening and gene
transactivation. On the basis of this idea, we examined GATA-3 responsiveness in B137/RAD transgenic mice.
Using this assay, we previously identified CNS-1/HSSwhether the Th2 cytokine locus is regulated by GATA-3,
the key transcription factor for Th2 cell differentiation and the intronic enhancer of the IL4 gene as GATA-3
targets (Lee et al., 2001). GATA-3 did not enhance IL4(Zheng and Flavell, 1997; Zhang et al., 1997; Ouyang et
al., 2000; Lee et al., 2000). We addressed long-range promoter activity in the B137/RAD transgenic construct
(Figure 7D), suggesting that the 25 kb LCR region is notinteractions of GATA-3 within the whole locus by exam-
ining whether GATA-3 can exert its effect on IL4 promot- sufficient for GATA-3 responsiveness.
Taken together, these results suggest that GATA-3 isers (linked to a luciferase reporter) present in the IL4/
5/13 locus at three different integration sites remotely important in regulation of this locus but that its effects
are not mediated by the 25 kb LCR region on its own.positioned from the original site. GATA-3 was effective
at inducing IL4 promoter activity of all three IL4 reporters However, this result does not exclude the possibility
Figure 6. Copy Number Dependency of IL4
Produced in the Th2 Cells from B137/BS2 and
B137/KP1 Transgenic Mice
IL4 expression was measured with the same
method described in Figure 3. Correlation
coefficiency (2) of the linear regression is
0.815 in B137/BS2 (A) and 0.357 in B137/KP1
transgenic mice (B).
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Figure 7. GATA-3 Effect on the Integrated
IL4 Promoter in the Th2 Cytokine Locus
2  105 naive CD4 T cells were stimulated
with 2.5 g/ml Con A, 25 U/ml IL2, 6  106
APCs in 1.5 ml Bruff’s medium at day 0, and
infected with 1.5 ml viral supernatant con-
taining either control retroviral vector (GFP-
RV) or GATA-3 expression retroviral vector
(GATA3-RV) in either Th1 or Th2 skewing con-
dition at day 1. GFP-positive T cells were iso-
lated by cell sorting at day 5 and restimulated
with 2.5 g/ml Con A for 20 hr. Cell extracts
were made, and luciferase activity was mea-
sured. Luciferase activity was normalized to
15 g of protein. In a previous study, we
showed that GATA-3 does not transactivate
the IL4 promoter (Lee et al., 2001).
that the 25 kb LCR region may cooperate with additional locus, single copy expression in transgenic mice re-
quires the distal -globin promoter and the 3 enhancerelements in the locus to interact with GATA-3.
region in addition to the 5HS1-4 (LCR) (Pasceri et al.,
1998). These results suggest that another region in addi-Discussion
tion to B137/BS2 (or B137/RAD) may be required for the
full function of the LCR in the Th2 cytokine locus.In this study we searched for the presence of an LCR
At high copy number, luciferase activity is readily de-by measuring copy number-dependent expression of
tected in Th1-cultured cells, suggesting a loss of Th2
IL4 promoter-driven luciferase activity and Th2 cytokine
specificity in these mice (Figures 2 and 5; B137-13, B61-
expression in BAC transgenic mice containing the Th2
34-4-3, B113-35, B113-35-20-2, B137/BS2-37, B137/
cytokine locus. Our results strongly suggest that a 25
BS2-10). Possible explanations for this phenomenon
kb region encompassing a part of the RAD50 gene con-
would be: (1) titration of the transcription factors (silenc-
tains an LCR and that GATA-3 is important in the regula-
ers in particular) which may repress IL4 gene expression
tion of the entire locus. in Th1 cells in cells from high copy number transgenic
Interestingly, the levels of luciferase activity were high mice or (2) excessive IL4 production by Th1-polarized
in B137, moderate in B61, and low in B113 (Figure 2D), cells from high copy number transgenic mice, exceeding
suggesting a polarity effect in which the more 5 the the amount of neutralizing anti-IL4 antibody (11B11) in
insertion relative to the IL4 gene, the greater the expres- the culture medium. Other explanations are also possi-
sion. It is notable that in the human -globin LCR, it was ble. Loss of tissue specificity in high copy number trans-
suggested that the closer a promoter is located to the genic mice is a common feature of transgenesis and
LCR, the stronger is the enhancing activity of the LCR was reported long ago (see, e.g., Pinkert et al., 1985),
(Dillon et al., 1997). The polarity effect observed in this suggesting that this phenomenon is an intrinsic property
study fits well with the concept from the -globin LCR of transgenic mice.
because the location of the LCR that we found is the Of the three Th2 cytokines (IL4, IL5, and IL13), IL5
closest to IL4P-luciferase in B137, intermediate in B61, was not expressed in a copy number-dependent manner
and the farthest in B113. (Figure 3). One possible explanation for this result is that
Even though the IL4 promoter-driven luciferase activ- the cluster we used for this study does not contain
ity is copy number dependent in B137/BS2 and B137/ all the necessary elements for IL5 expression. Another
RAD transgenic mice, the level of luciferase activity in possibility is that there may be a boundary/insulator
single copy transgenic mice was significantly lower in element between the LCR and IL5. Boundary/insulator
these transgenic mice than that in B137 transgenic mice elements are specialized DNA sequences that delimit
(Figures 2A, 5A, and 5C). A previous study on the
5-VpreB1 regions of distinct chromatin structure and gene activity
locus control region suggested that complete position- (reviewed in Gerasimova and Corces, 2001). Boundary/
independent expression of a single copy transgene re- insulator elements have the unique abilities to block
quires the complete LCR including both 5 and 3DNase regulatory elements from acting on a promoter when
I hypersensitive sites, although the 5HSs can give copy situated in an intervening position and to insulate trans-
number dependency in multiple copy transgenic mice genes from chromosomal position effects (reviewed in
Gerasimova and Corces, 2001). It is conceivable that(Sabbattini et al., 1999). Likewise, in the human -globin
Regulation of Th2 Cytokine Locus by LCR
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there may be a barrier between IL13-IL4 and RAD50, for GATA-3 responsiveness in the locus. The nature of
any interaction between the LCR and the GATA-3 re-since these genes are expressed in a different manner
during cell differentiation; that is, IL4 and IL13 are ex- sponsive sites is currently unknown and is being investi-
gated.pressed at high level only in Th2 cells, while RAD50
is expressed constitutively regardless of differentiation RAD50 is a DNA repair enzyme of which the function
is considered to be unrelated to Th2 cell function. RAD50stage. If this model is true, the insulation will result in
isolated expression of IL5. Further study will be needed is a large gene (57 kb in mouse, 85 kb in human) with 25
exons and several long introns. Sequence comparisonto test these possibilities.
It is intriguing that IL4 promoter-driven luciferase ac- between human and mouse DNA shows several 100–200
bp sized conserved sequences in the introns of thetivity was not enhanced at all in the context of the B137/
KP1 fragment in all nine transgenic mice (Figure 5B), RAD50 gene in the 25 kb region containing the LCR
activity (data not shown), suggesting evolutionarily con-despite the fact that the B137/KP1 fragment contains all
the elements except HS5/5a in the minilocus construct, served roles for these sequences which might include
LCR functions. The region encompassing the LCR in-which enables enhancement of IL4 promoter activity in
transgenic mice (Lee et al., 2001). The absence of HS5/ cludes the 3 segments of the RAD50 gene. It remains
to be determined whether the LCR regulates RAD505a may indeed be responsible for the low reporter activ-
ity of B137/KP1. Specifically, elements such as the LCR expression in addition to cytokine gene expression.
Since the original discovery of the LCR of the humanmay override the need for HS5/5a in the BAC constructs,
yet HS5/5a may be required when the LCR is absent. -globin locus, the definition of LCRs has remained pri-
marily empirical. LCRs confer copy number-dependent,Transcriptional activity of the IL4 gene in its natural con-
text on the 39 kb transgene is not completely sup- position-independent expression of genes inserted into
the mouse genome by transgenesis. LCRs also renderpressed in all B137/KP1 transgenic mice because some
of the B137/KP1 transgenic mice expressed elevated single copy transgenes competent to express, a prop-
erty that is relatively rare for normal transgenes (Ellis etlevels of IL4 in the culture supernatants compared to
those from nontransgenic mice (Figure 6B), suggesting al., 1996; Pasceri et al., 1998; Sabbattini et al., 1999).
Analysis of the components that comprise an LCR isthat only the luciferase-linked 800 bp IL4 promoter is
suppressed in the cells from B137/KP1 transgenic mice. still ongoing. LCRs invariably contain several DNase I
hypersensitive sites, contain potent enhancers, and fre-From these facts, an alternative explanation for the dif-
ference in the expression level of luciferase between quently have been shown to carry boundary/insulator
elements (reviewed in Li et al., 2002; Engel and Tani-B137/KP1 and the minilocus transgenic mice is that, in
the absence of the LCR, the luciferase-linked 800 bp IL4 moto, 2000; Festenstein and Kioussis, 2000). It is there-
fore likely that LCRs include at least a function to elevatepromoter in the B137/KP1 transgene which is located far
(23 kb) from the original IL4 gene location competes gene expression through the action of enhancer compo-
nents and to prevent the inhibition of neighboring het-poorly with the IL13 and IL4 promoters on the transgene,
which are in their natural contexts and proximal to their erochromatic regions of DNA through the boundary/
insulator elements. Whether other components are pres-regulatory elements. This well-described phenomenon
is known as “promoter occlusion” (Adhya and Gottes- ent in these DNA segments is an ongoing area of investi-
gation (reviewed in Li et al., 2002; Engel and Tanimoto,man, 1982; Bateman and Paule, 1988). In this phenome-
non, the promoter closest to a given enhancer is selec- 2000; Festenstein and Kioussis, 2000). In this study we
have used the empirical approaches applied to othertively expressed over distal promoters. In contrast, the
luciferase-linked 800 bp IL4 promoter in the minilocus LCRs to investigate the presence of such a structure in
the IL4/5/13 locus.transgene (Lee et al., 2001) does not have the natural
IL13 and IL4 promoters to compete with on the trans- The 25 kb region gives strong Th2-specific enhancer
activity, so it could be argued that this region is just agene, and therefore its expression can be fully influ-
enced by the nearby enhancer elements in the trans- strong enhancer. However, it has properties beyond that
feature. The critical difference between LCRs and en-gene. Other explanations, however, may also be
possible. hancers is that LCRs enable position-independent ex-
pression in transgenic mice, which is reflected in theGATA-3 exerts its effects on IL4 promoter activity irre-
spective of the integration sites of the IL4 promoter, copy number dependency of the construct, whereas
enhancers do not have this property (Grosveld et al.,suggesting a global regulation by GATA-3. Recent publi-
cations show that GATA-3 facilitates chromatin remod- 1987; Milot et al., 1996; also reviewed in Li et al., 2002;
Engel and Tanimoto, 2000; Festenstein and Kioussis,eling in the Th2 cytokine locus during Th2 cell differentia-
tion (Ouyang et al., 2000; Lee et al., 2000; Fields et al., 2000). The copy number-dependent expression of IL4P-
luciferase reporter and IL4 and IL13 genes in our study2002; Avni et al., 2002; Takemoto et al., 2002; Yamashita
et al., 2002). Our data indicate that the 25 kb LCR region supports that the 25 kb region is an LCR containing
strong enhancer activity.does not contain elements that are sufficient to mediate
activation by GATA-3 facilitating this chromatin remod- In summary, this study suggests that a 25 kb region
encompassing a part of the RAD50 gene contains aneling. However, the data do not exclude the possibility
that the 25 kb LCR region may respond to GATA-3 in LCR and that such an LCR may be a fundamental driving
force for chromatin changes during Th2 cell differentia-the presence of additional regions in the locus. Indeed,
in our previous study HSS and the intronic enhancer (IE) tion. This element likely acts not alone but in concert with
other regulatory elements, some of which have alreadywere sufficient in combination but not separately for
GATA-3 responsiveness (Lee et al., 2001), suggesting been defined (Loots et al., 2000; Mohrs et al., 2001;
Agarwal et al., 2000; Solymar et al., 2002; Lee et al.,that these comprise at least one strong candidate region
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the transgene copy number by comparing transgenic IL4 promoter2001). Elimination of the LCR by gene targeting will clar-
with endogenous IL4 promoter (Lee et al., 2001).ify the relationship of this element to the other regulatory
elements in the locus. Such loss of function studies
In Vitro Differentiation of CD4 T Cells
are a necessary complement to the gain of function, CD4 T cells were enriched from spleen cells from transgenic mice
transgenic studies employed in most LCR studies (Gros- by negative selection through depletion using anti-MHC class II (M5/
115), anti-NK1.1 (HB191), and anti-CD8 (TIB105) mAb, followed byveld et al., 1987; Milot et al., 1996; also reviewed in Li
depletion with a mixture of magnetic beads conjugated to anti-ratet al., 2002; Engel and Tanimoto, 2000; Festenstein and
Ig and anti-mouse Ig antibodies (Perseptive Biosystems). The purityKioussis, 2000), and in our present work. This study also
of the cells was usually greater than 90%. APCs were prepared byclearly illustrates that cis-acting regulatory elements
-irradiation and negative selection (Zheng and Flavell, 1997). To
work together with the transcription factor GATA-3 to differentiate CD4 T cells in vitro, 3  106 CD4 T cells were cultured
mediate long-range effects at the chromatin level to with an equal number of APCs in 5 ml of Bruff medium with 5%
fetal calf serum (Life Technologies, Inc.) and penicillin/streptomycindrive the cell differentiation process. Such elements,
in the presence of 2.5 g/ml Con A and 20 U/ml IL2. For Th1 skewingparticularly in the 25 kb interval, and cooperating trans-
conditions, 3.5 ng/ml murine rIL12 (generous gift from Geneticsacting factors responsible for the LCR activity remain
Institute) and 11B11 (anti-IL4) Ab were added, and for Th2 skewingto be defined.
condition, 1000 U/ml IL4 and XMG1.2 (anti-IFN-) Ab were added.
After 3 days cells were washed and restimulated with 2.5 g/ml Con
Experimental Procedures A for 12 hr.
Construction of Transgene Luciferase Activity Assay
BAC DNA containing IL4, IL13, and IL5 was cloned from 129/svj Cell extracts were made from unstimulated or Th1/Th2-differenti-
mouse ES BAC library (GenomeSystems). Eight hundred base pair ated cells. Protein concentration of the extracts was measured using
IL4 promoter-luciferase reporter construct, which also contains ka- Bio-Rad protein assay reagent. Fifteen micrograms of extract was
namycin resistance gene and transposase binding sites at both used for luciferase activity assay with the Promega luciferase assay
ends, was inserted into the BAC DNA by incubating the DNAs with substrate. Luciferase activity was measured by Lumat LB9507 lumi-
purified Tn552 transposase (Leschziner et al., 1998; Griffin et al., nometer (EG&G Wallac).
1999). Reporter integrated BAC DNA was selected in kanamycin
plates. Hundreds of colonies were screened by PCR with one primer GATA-3 Retroviral Transduction into Naive CD4 T Cells
in the reporter construct and the other construct chosen from sev- Naive CD4 T cells were isolated by sorting CD44lowCD45RBhigh cells
eral locations in the Th2 cytokine locus. The precise insertion sites using a cell sorter (Becton Dickinson) from splenic CD4 T cells from
are: B137, 7301 bp upstream from IL13 translation start site; B61, transgenic mice described above. The control retroviral vector GFP-
5605 bp upstream from IL4 translation start site; B113, 1991 bp RV and GATA-3 expression retroviral vector GATA-3-RV were a
downstream from IL4 translation stop site. generous gift from Dr. K. Murphy (Ranganath et al., 1998). 293 (Phoe-
nix) packaging cells were transfected as previously described (Ran-
Transgenic Mice ganath et al., 1998). 2  105 naive CD4 T cells were stimulated with
B137, B61, and B113 DNAs were prepared by removing vector se- 2.5 g/ml Con A, 25 U/ml IL2, 6  106 APCs in 1.5 ml Bruff’s medium
quence (pBeloBAC11) from parental plasmid constructs by digest- at day 0 and infected with 1.5 ml viral supernatant containing either
ing with NotI. B137/BS2 fragment (64 kb, all DNA sizes in this paper control or GATA-3 retroviral vector and reagents for either Th1 or
are endogenous DNA sizes excluding the IL4P-luciferase reporter Th2 skewing condition described above at day 1. GFP-positive
construct) was made by digesting the B137 DNA with BssHII. B137/ T cells were isolated by cell sorting at day 5 and restimulated with
KP1 fragment (39 kb) was made by combining a KpnI-SacII (11 kb) 2.5 g/ml Con A for 20 hr. Cell extracts were made and luciferase
fragment and a SacII-NotI (28 kb) fragment from the B137 DNA. activity was measured as described above.
B137/RAD (36 kb) fragment was made by digesting the B137 DNA
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